Introduction {#Sec1}
============

Plants have evolved a wide array of direct defenses against herbivores and diseases. Direct defenses include morphological traits (Cooper and Owen-Smith, [@CR23]), and chemical toxins, repellents, or digestibility reducers (Fraenkel, [@CR34]; Ehrlich and Raven, [@CR30]). These defenses not only affect the performance of herbivores but also can have positive or negative effects on natural enemies of herbivores. Positive effects of chemical defense in the herbivore's diet on natural enemies can arise in several ways. For instance, allelochemicals may slow down the growth rate of the herbivore, extending the time window during which the herbivore is vulnerable to parasitism or predation by its natural enemies (Clancy and Price, [@CR22]). Toxic allelochemicals also may weaken host immune responses, making them more susceptible to parasitation or predation (Nappi, [@CR66]; Smilanich et al., [@CR85]). On the other hand, allelochemicals can have negative effects on the growth, development, or survival of predators and parasitoids (Gunasena et al., [@CR39]; Paradise and Stamp, [@CR71]; Harvey et al., [@CR44]). For instance, hosts may actively sequester these compounds in their haemolymph where they can again function as defense (Bowers, [@CR10], [@CR11]; Camara, [@CR20]; Nishida, [@CR68]).

The ability of herbivores to cope with plant allelochemicals varies among species that differ in their dietary range. Polyphagous species (generalists) feed on many species in a range of plant families (Bowers and Puttick, [@CR16]; Agrawal, [@CR2]). Even though many herbivores are polyphagous at the species level, they are not necessarily so at the population or individual level since species can be comprised of populations or individuals that are specialized on a few or even a single food plant (Singer, [@CR84]). Some studies support the idea that detoxification systems of generalists are capable of accepting a more structurally diverse array of compounds than those of specialists (Li et al., [@CR60]) at the expense of a less efficient detoxification of individual compounds (Johnson, [@CR46]). Oligophagous species (specialists) often are physiologically adapted to the nutritional and secondary chemistry of particular plant species (Renwick et al., [@CR75]; Cornell and Hawkins, [@CR24]). They may use the allelochemicals to which they have adapted as host-finding cues and feeding stimulants (Rhoades, [@CR79]; Bowers, [@CR11]). A number of specialist herbivores sequester these substances as defense against their own natural enemies (Bowers, [@CR11]), which requires physiological or morphological adaptations to prevent autotoxicity (Duffey, [@CR28]).

The division between generalists and specialists also can be made for predators and parasitoids of herbivores. Allelochemicals present in herbivores, or in the diet of an herbivore, can reduce the performance of generalist predators and parasitoids (e.g., Duffey et al., [@CR29]; Gunasena et al., [@CR39]). Generalist parasitoids may attack a wide range of herbivorous host species that feed on plants with different defensive chemistry. These parasitoids may suffer during development if their hosts are able to sequester or accumulate plant derived compounds, to which they are not adapted (Barbosa, [@CR5]; Barbosa et al., [@CR7]; Harvey et al., [@CR42]). In contrast, specialized natural enemies, such as many endoparasitoid wasps, are restricted to attacking only one or a few related host species, which generally feed on closely related plants (Godfray, [@CR36]; Quicke, [@CR74]). These parasitoids may be adapted to the limited set of chemicals to which they are exposed (Harvey et al., [@CR42]), allowing them to use hosts that sequester specific plant chemical defenses (Barbosa et al., [@CR6]; Sznajder and Harvey, [@CR88]; Harvey et al., [@CR43],[@CR44]).

The types and concentrations of defensive substances found in plant tissues vary greatly among plant species as well as among individuals of the same species (Denno and McClure, [@CR27]; Nieminen et al., [@CR67]). In this study, we used genotypes of ribwort plantain \[*Plantago lanceolata* L. (Plantaginaceae)\] that differ in constitutive concentrations of two iridoid glycosides (IGs), aucubin and catalpol, to study the effects of allelochemical variation on specialist and generalist herbivore-parasitoid associations. Iridoid glycosides are monoterpenoids. Aucubin is the biosynthetic precursor of catalpol (Damtoft et al., [@CR25]). The concentrations of IGs in *P. lanceolata* show large natural variation among individuals, and within individuals over time (Bowers and Stamp, [@CR17]; Darrow and Bowers, [@CR26]; Barton, [@CR8]). Aucubin, and to a greater extent catalpol, are toxic or deterrent to generalists (Puttick and Bowers, [@CR73]; Bowers, [@CR13]). At the same time, these compounds serve as feeding and oviposition stimulants for some specialist herbivores (Bowers, [@CR12]; Pereyra and Bowers, [@CR72]; Nieminen et al., [@CR67]; Reudler Talsma et al., [@CR78]). Larvae and adults of the specialist butterflies *Melitaea cinxia* (Lepidoptera: Nymphalidae) and *Junonia coenia* (Lepidoptera: Nymphalidae) sequester aucubin and catalpol (Bowers and Collinge, [@CR15]; Suomi et al., [@CR86], [@CR87]). Larvae of *J. coenia* do this more efficiently than polyphagous insect herbivores (Lampert and Bowers, [@CR54]), and they sequester catalpol more efficiently than aucubin (Bowers and Collinge, [@CR15]). The latter is also observed for larvae of *M. cinxia* and *Parasemia plantaginis* (Lepidoptera: Arctiidae) (Reudler Talsma, unpublished). Only few studies have assessed the effect of these compounds on preference or performance of parasitoids, using dipteran (Mallampalli et al., [@CR63]) or hymenopteran parasitoids (Nieminen et al., [@CR67]; Harvey et al., [@CR42]; Lampert et al., [@CR56]). Our study extends that of Harvey et al. ([@CR42]) by including two generalist herbivores, each with two generalist parasitoids, to investigate whether effects of IG are consistent across these generalist systems, and compares them with a specialist system. Moreover, we include a series of plant genotypes that span a wide range of mean IG concentrations in order to gain quantitative insight into associations between plant IGs and insect development parameters.

We address the following questions: (1) Is the performance of herbivores and their parasitoids affected by the concentrations of the iridoid glycosides aucubin and catalpol in *P. lanceolata*? (2) Are there consistent differences in the effect of plant iridoid glycosides on the performance of specialist vs. generalist herbivores and parasitoids?

Methods and Material {#Sec2}
====================

Plants {#Sec3}
------

*Plantago lanceolata* is a perennial plant with a worldwide distribution (Sagar and Harper, [@CR82]). In natural populations, IG levels range from undetectable to ca. 12% of the plant dry weight (Bowers et al., [@CR18]; Fajer et al., [@CR32]). There generally is no correlation between IG concentrations (aucubin or catalpol) and tissue nutrient concentrations (Marak et al., [@CR64]; Reudler Talsma, [@CR76]). Plants used for our experiments came from two sources. Thirteen genotypes, used in all experiments, were derived from an artificial selection experiment in which lines were selected for high and low leaf IG concentrations for four generations, originating from Dutch *P. lanceolata* (Marak et al., [@CR64]). These genotypes, each originating from a different half-sib family, were clonally propagated (Wu and Antonovics, [@CR94]) in order to generate sufficient leaf material of each genotype. For experiments involving the specialist butterfly *M. cinxia* and its specialist endoparasitoid *Cotesia melitaearum,* (Hymenoptera: Braconidae), we augmented this set of genotypes with three additional genotypes from the selection experiment, and ten genotypes collected from Åland, Finland \[where the insects originated (see below)\]. We tested the effects of quantitative variation in allelochemicals in the plants on the development of six different insect species: two generalist herbivores, two generalist endoparasitoids reared on each of these generalist herbivores, and a specialist herbivore and its specialist endoparasitoid.

Herbivores {#Sec4}
----------

**Generalists** The beet armyworm, *Spodoptera exigua* (Lepidoptera: Noctuidae), is polyphagous, and a serious pest of many crops worldwide. Females lay several clusters of 50--100 eggs that hatch within 2--3 d. The larvae normally have five instars (the first three are gregarious), and the entire life cycle is about 4--5 weeks with several generations per year (Wilson, [@CR93]; Tingle and Mitchell, [@CR89]). Cultures of *S. exigua* were established from eggs originating from a laboratory culture maintained on artificial diet at the Department of Virology at Wageningen University, the Netherlands.The golden twin spot, *Chrysodeixis chalcites* (Lepidoptera: Noctuidae) is native to Central and Southern Europe, the Canary Islands, and Africa. Like *S. exigua*, it is a polyphagous crop pest. Eggs are laid singly or in small groups and hatch in 4--9 d. The larvae normally complete 6 instars and the entire life cycle is completed in about 5--7 weeks (Goodey, [@CR37]). *Chrysodeixis chalcites* cultures were established from individuals collected from a garden in Nijmegen, the Netherlands.Cultures of both *S. exigua* and *C. chalcites* were kept as caterpillars in plastic Petri dishes on artificial diet (Elzinga, [@CR31]) at 25°C and 16:8 h L:D. When caterpillars were in their final instar, they were placed in plastic containers (15 × 10 × 10 cm) with diet and vermiculite into which they pupated. In order to get larvae for the experiment, adult moths were placed in a cage (40 × 50 × 65 cm) in a climate room at 25°C, 55% RH and 16:8 h L:D with honey water (1:1) and one *P. lanceolata* plant, that both noctuid species readily accepted for oviposition. Newly hatched caterpillars were collected from this cage and reared in Petri dishes (8 cm) on artificial diet until they reached their 3rd instar, after which they were used in the performance studies. The early growth on artificial diet was done in order to have sufficient numbers of caterpillars for the experiments, as their 1st instars survive better on artificial diet than on *P. lanceolata* diet (personal observation). Note that since the artificial diet contains no IGs, the effect of IG on larval and parasitoid performance is limited to what was ingested as later instars.

**Specialist** The Glanville fritillary butterfly, *M. cinxia,* inhabits open grasslands in parts of Europe and temperate Asia. It has one generation per year in most of its range. A female lays several large egg clusters (150--200) on plants in the genera *Plantago* and *Veronica* (Plantaginaceae) (Kuussaari et al., [@CR53]). Larvae spin a communal web and feed gregariously throughout most of their development. Higher levels of IGs in the diet can increase the rate of development (Harvey et al., [@CR42]; Saastamoinen et al., [@CR81]). Furthermore, IGs are sequestered by the larvae (Suomi et al., [@CR86], [@CR87]), and plants with higher IG levels are preferred for oviposition (Nieminen et al., [@CR67]; Reudler Talsma et al., [@CR78]). *Melitaea cinxia* caterpillars used for these experiments were the offspring of laboratory reared butterflies from Åland, SW Finland. The caterpillars were fed field collected *P. lanceolata* leaves until their 3rd instar when they were used for the experiment. Note that since rearing of *M. cinxia* on specific plant genotypes did not start until they reached their 3rd instar, assessment of effects of IG concentration on larval and parasitoid performance is limited to what was ingested as later instars.

Parasitoids {#Sec5}
-----------

**Generalists** *Hyposoter didymator* (Thunberg, 1822) (Hymenoptera: Ichneumonidae) is a generalist solitary endoparasitoid of caterpillars of many species in the large Lepidoptera family Noctuidae (Bar et al., [@CR4]; Ingram, [@CR45]; Vinson, [@CR92]; Figueiredo et al., [@CR33]; Schneider et al., [@CR83]). This species is a tissue feeder, so the developing wasp larva consumes the entire host. *Hyposoter didymator* adults were obtained from a laboratory colony that was started in 1993 with wasps collected from parasitized *Spodoptera littoralis* in the Cordoba, Spain. For 4 years, they were reared on *S. frugiperda* in the Laboratoire de Pathologie Comparée at INRA UMII, Saint-Christol-lèz-Alés, France. Adults used in the experiment were reared on *S. exigua*. In order to extend longevity of the adult wasps, they were kept at 10°C and 16:8 h L:D.*Cotesia marginiventris* (Cresson, 1865) (Hymenoptera: Braconidae) also is a generalist solitary endoparasitoid that attacks Noctuidae (Krombein et al., [@CR52]). As other *Cotesia*, the larva feeds primarily on host haemolymph and fat body during its development, and it does not consume the entire host (Sznajder and Harvey, [@CR88]). *Cotesia marginiventris* were obtained from a colony maintained at Nijmegen University, The Netherlands, where they were reared on *S. exigua.* Adults were kept at 10°C and 16:8 h L:D and were constantly provided with honey and water.

**Specialist** *Cotesia melitaearum* agg. is a complex of cryptic species specialized on *Melitaea* or *Euphydryas* butterflies (Kankare and Shaw, [@CR48]). The species of *C. melitaearum* agg. used in this study is restricted to the host *M. cinxia* (Kankare et al., [@CR49]). The adult female parasitoid lays broods of 1--40 eggs (depending on host size) in all instars of *M. cinxia* larvae. We used *C. melitaearum* from Åland, SW Finland, where the wasp has 2--3 generations per year (Lei et al., [@CR59]). For the experiment, laboratory reared *M. cinxia* caterpillars were put on potted plants that were placed in natural populations in Åland, where they were parasitized by naturally occurring *C. melitaearum.*

Experimental Design {#Sec6}
-------------------

**Generalists** Third instars of the two generalist herbivores, *S. exigua* and *C. chalcites,* were randomly assigned to one of three treatments: unparasitized (control), parasitized by *C. marginiventris*, or parasitized by *H. didymator.* For parasitism, a 3rd instar caterpillar was offered to a female parasitoid, and oviposition was observed as a single insertion of the ovipositor. Although the parasitoids attack all larval instars of *S. exigua* and *C. chalcites*, previous studies have shown that *H. didymator* has the highest reproductive success when it parasitizes 3rd instar hosts (Reudler Talsma et al., [@CR77]). For each *P. lanceolata* genotype, 16--20 parasitized and 16--20 unparasitized caterpillars of each herbivore species were reared individually on freshly excised leaves in Petri dishes (55 mm diam) in a growth cabinet at 25°C, 16:8 h L:D and 70% RH. The total number of larvae included in the experiment was 451. Leaves were refreshed every day. This was done using young to intermediate-aged leaves from at least five different plant individuals per genotype. Leaves were collected and then pooled per genotype and distributed across the larvae assigned to that genotype. Due to insufficient leaf production by some of the genotypes, not all genotypes were represented in every treatment combination. Emerged adults (both butterflies and parasitoids) were provided with water and kept at 25°C, 16:8 h L:D; 70% RH. The following fitness correlates were recorded for the unparasitized caterpillars: larval development time (the number of days from the 3rd instar, when the experiment started, until pupation), pupal development time, pupal mass, pupal survival until adulthood, adult mass, and adult longevity. The same parameters were recorded for the parasitoids, except that larval development time was recorded from the day of parasitism until the larva emerged from the host, and pupal development time was the number of days between larval emergence and adult wasp eclosion. Pupal mass of parasitoids includes the silk of the cocoon.

**Specialist** The experiments with the specialist *M. cinxia* and its parasitoid *C. melitaearum* were undertaken in the field to allow for natural parasitism. Gregarious larval groups of *M. cinxia* were placed on intact potted plants in field locations where the parasitoid *C. melitaearum* is known to occur. Before putting the larvae on the plant, they were fed fresh leaves collected from *P. lanceolata* in the field. Groups of forty 3rd-instar caterpillars were placed onto single potted plants of 26 different genotypes of *P. lanceolata* (16 originating from the Netherlands, including the 13 genotypes used in the generalist experiments, and 10 originating from Åland, Finland). Five replicate plants of Dutch genotypes and three replicate plants of Finnish genotypes were used. Three plants were lost, so in total we used 107 plants and 4,280 caterpillars. Each pot was covered by a mesh cloth that prevented the caterpillars from escaping, but which allowed *C. melitaearum* to enter. Caterpillars were left in the field for 3 weeks, during which time their host plant was replaced with the same genotype if it was defoliated. After 3 weeks, all caterpillars had molted to their 5th (diapause) instar. The 2,728 recovered caterpillars then were removed from the plants, and a random subsample of caterpillars from each plant (1,501 in total) was placed in a separate plastic container in a root cellar in Åland, where the larvae spent the winter in diapause. The following spring their diapause was broken and the larvae were fed fresh leaves from the same genotype on which they had fed the previous summer. Caterpillars were reared until pupation after the 7th larval instar, or larval parasitoid emergence. Post-diapause, the same parameters were measured as in the experiment with the generalists, except that larval development time was determined as the number of days between the breaking of diapauses, and emergence; adult longevity was not measured. Additionally we measured the survival of the larvae until diapause, and the number that survived overwintering. Because the hosts were parasitized naturally, rather than under visual observation in the laboratory, only a small fraction of the larvae was found to be parasitized (the natural rate of parasitism is low) (van Nouhuys and Punju, [@CR90]). This approach allowed us to compare both the performance parameters and the rate of parasitism of larvae on the different genotypes of *P. lanceolata.*

Chemical Analyses {#Sec7}
-----------------

**Collection of Leaf Material** In the experiments with generalist herbivores and parasitoids, one mixed leaf sample per genotype was collected at three 4 weeks intervals, for analysis of leaf IG concentrations. The first two time points were during the growth period of the larvae. IG estimates from these two time points were averaged per genotype and used in tests of associations with insect performance parameters. Measurements from the third time point were used only to check for consistency of genotype differences over a longer time period. Each leaf sample consisted of the young and intermediate-aged leaves of at least 5 plants of the same genotype, as in the feeding trials. For the experiments with the *specialist* herbivore and parasitoid, leaves were sampled both pre- and post-diapause. From each plant, the 3rd and 4th fully grown leaf was collected before putting the pre-diapause caterpillars on them in the field. When a plant was completely defoliated and replaced by another of the same genotype, we also took the 3rd and 4th fully grown leaf from the second plant, and averaged their IG levels. Concentrations then were averaged per genotype and used in analyses of parasitism and survival until the breaking of diapause. After diapause, we took two subsamples of the leaves that were fed to the caterpillars per genotype, one early and one late during the remaining ca. 6 weeks development time of *M. cinxia*. The averages of these concentrations per genotype were then used to test for associations with post-diapause performance parameters.

**Leaf IG Analysis** These methods follow Marak et al. ([@CR65]). In brief, all leaves were freeze dried and ground to a fine powder with a ball mill (Retsch, type MM 301, Retsch GmbH and Co., Haan, Germany). Finely ground dry material from the leaves (25 mg) was extracted in 10 ml of 70% MeOH and was shaken overnight (15°C/100RPM). The crude extract was filtered through Whatman \#4 filter paper and the filtrate was diluted ten times with Milli-Q water. Concentrations of the IGs aucubin and catalpol were analyzed by HPLC using a Bio-Lc (Dionex, Sunnyvale, USA) equipped with a GP40 gradient pump, a Carbopac PA 1 guard (4 × 50 mm) and analytical column (4 × 250 mm), and an ED40 electrochemical detector for pulsed amperimetric detection (PAD). NaOH (1M) and Milli-Q water were used as eluents (10:90%, 1 ml/min). Retention times were 3.25 min and 4.40 min for aucubin and catalpol, respectively. Concentrations were analyzed using Chromeleon version 6.60 (Dionex Corp., Sunneyval, USA). A standard concentration series of aucubin and catalpol of 0.25, 0.5, 1.0, 2.0, 4.0 and 8.0 ppm was used for calibration.

Statistical Analysis {#Sec8}
--------------------

For the 13 plant genotypes that were included in both the generalist and specialist performance trials, we used ANOVA to analyze differences in IG between plant genotypes, between experiments (greenhouse-grown plants for generalists, field-grown plants for specialists), and their interaction. IG values were square-root transformed to meet assumptions of normality. In addition we used ANOVA to test whether there were differences in leaf IG concentrations between Dutch (artificially selected) and Finnish (collected from the wild) genotypes among the field grown plants.

Pearson correlations were used to test for associations between mean values for development parameters of the insects on the different plant genotypes and the mean IG concentration of those genotypes. The latter were based on the leaf samples collected during the corresponding experiment (greenhouse, field pre-diapause, or field post-diapause). For the generalist species, we analyzed larval and pupal development time, pupal and adult weight, and adult longevity. For the specialist,s the last two parameters were not measured. In addition, logistic regression was used to test whether mean larval and pupal survival on plant genotypes was affected by mean genotype IG concentration and whether parasitism of *M. cinxia* larvae by *C. melitaearum* was affected by mean genotype IG concentration. Since Dutch and Finnish genotypes appeared to differ in their IG profiles (catalpol and catalpol-to-total IG ratio, see results), we used ANCOVA to test whether genotype mean performance of specialists differed between genotypes from Finnish and Dutch origin, and whether effects of genotype origin were still significant if genotype mean catalpol or the ratio of catalpol to the total IG concentration \[catalpol/(aucubin+catalpol)\] were included as a covariate. All statistical analyses were performed using SPSS for Windows Release 16.0.2.

Results {#Sec9}
=======

Iridoid Glycoside Variation Among Plant Genotypes {#Sec10}
-------------------------------------------------

Genotype mean leaf IG concentrations of the 13 Dutch genotypes that were included in all performance studies varied circa six-fold, ranging from 1.28 ± 0.21 to 7.35 ± 0.90 (% leaf dry weight ± SE). The differences in leaf IG concentration among this set of genotypes were highly significant (*F\[12,102\]* = 11.03, *P* \< 0.001). The same was true for the constituent components aucubin (*F\[12,102\]* = 10.61, *P* \< 0.001) and catalpol (*F\[12,102\]* = 15.47, *P* \< 0.001) that showed ranges of among-genotype variation similar to those observed for total IG concentration. IG concentrations were lower in the greenhouse-grown plants (generalist performance study, Fig. [1a](#Fig1){ref-type="fig"}, ranging from 0.83 ± 0.09 to 6.41 ± 1.02) (*F\[1,102\]* = 13.16, *P* \< 0.001) than in field-grown plants (specialist performance study, Fig. [1b](#Fig1){ref-type="fig"}, ranging from 1.47 ± 0.26 to 8.63 ± 0.26), but the ranking of the genotypes was maintained under both conditions (interaction *F\[12,102\]* = 1.10, *P* = 0.36*)*. Mean leaf IG concentrations of the additional genotypes used in the specialist performance study all fell within the range of the 13 genotypes that were shared between the experiments. The mean IG values of the Finnish genotypes did not differ from the Dutch ones (*F\[1,24\]* = 0.24, *P* = 0.63), but they contained more catalpol (2.01 ± 0.28 vs. 1.09 ± 0.28, *F\[1,24\]* = 9.82, *P* = 0.004), resulting in a higher contribution of catalpol to the total IG level in Finnish (41.9%) than in the Dutch genotypes (31.7%). Since variation in IG concentrations between genotypes was large compared to the temporal variation within genotypes at the scale of weeks (Fig. [1a](#Fig1){ref-type="fig"}) or even months (Fig. [1b](#Fig1){ref-type="fig"}), and since the ranking of genotypes with respect to their leaf IG concentrations was fairly consistent over time (Fig. [1a and b](#Fig1){ref-type="fig"}), we are confident that even though we did not intensively sample IGs during larval development, the genotype mean IG values that we used provide a reasonable estimate of differences in IG levels experienced by the insects during the experiment. Fig. 1Within- and between genotype variation in leaf iridoid glycoside (IG) concentrations in 13 *Plantago lanceolata* genotypes, ranked according to increasing genotype mean IG. (**a**) IG values from mixed leaf samples of each genotype taken at 4-wk intervals, two times during (*circles*) and one time after (*diamond*) the generalist feeding trials. (**b**) Mean values per genotype from samples taken before (*open circles*) and after diapause of specialists (*closed circles*), 10 months later

Effects of Iridoid Glycosides on Specialist and Generalist Herbivores {#Sec11}
---------------------------------------------------------------------

**Generalists** Larvae of the generalist herbivore *C. chalcites* developed slowly on plant genotypes with high IG concentrations (Table [1](#Tab1){ref-type="table"}). For instance, an increase in the IG concentration from 1% to 6%, the range spanned by the genotypes, caused a 20.0% (4.2 day) delay in larval development time (Fig. [2a](#Fig2){ref-type="fig"}). Development of the other generalist herbivore, *S. exigua,* also was slower on genotypes with higher IG concentrations, but in this species it was the pupal development that was delayed (Table [1](#Tab1){ref-type="table"}). An increase in the average IG concentration from 1% to 6% of leaf dry weight caused a 9.9% (0.82 day) delay in pupal development (Fig. [2b](#Fig2){ref-type="fig"}). Adult longevity of *S. exigua* also was negatively affected by high leaf IG concentrations in its diet (Fig. [3a](#Fig3){ref-type="fig"}; *r* = −0.642, *P* = 0.03). An increase in IG concentration from 1% to 6% of leaf dry weight reduced longevity by 59% (5.5 days). Adult longevity of the other generalist herbivore, *C. chalcites,* was independent of the concentration of IG in its diet (*r* = −0.102, *P* = 0.77). Pupal weight, pupal survival, and adult weight of the generalist herbivores were unaffected by the leaf IG concentrations in their diet. This does not mean that these parameters were not affected by host plant genotype. For instance, pupal mass was strongly affected by host plant genotype in both *C. chalcites* (*F\[10,88\]* = 12.81, *P* \< 0.001) and *S. exigua* (*F\[12,90\]* = 3.94, *P* \< 0.001), but apparently these effects were not mediated by differences in the concentrations of IGs in these plant genotypes. Table 1Correlations between mean leaf concentrations of iridoid glycosides and mean performance (larval development time, cocoon weight and pupal development time) of insect herbivores and their parasitoids on genotypes of *Plantago lanceolata*HerbivoreParasitoid*N*Larval development timeCocoon weight*N*Pupal development time*Chrysodeixis chalcites*11+0.684\*\*−0.43411−0.444*Cotesia marginiventris*10−0.643\*\*+0.568\*7−0.500*Hyposoter didymator*11−0.050−0.00011+0.219*Spodoptera exigua*13−0.035−0.30811+0.726\*\**Cotesia marginiventris*13−0.232+0.21413−0.590\*\**Hyposoter didymator*7−0.466−0.2864+0.093*Melitaea cinxia*21+0.220−0.04711−0.263*Cotesia melitaearum*8+0.198−0.0826+0.133*N* = Number of *P. lanceolata* genotypes included in the analysis\**P* \< 0.10; \*\**P* \< 0.05Fig. 2Development time of generalist herbivores and parasitoids as a function of genotype mean leaf iridoid glycoside (IG) concentration in the food plant *Plantago lanceolata*. *Left panels*: mean larval development time of *Chrysodeixis chalcites* (**a**) and its parasitoids *Cotesia marginiventris* (**c**) and *Hyposoter didymator* (**e**). *Right panels*: mean pupal development time of *Spodoptera exigua* (**b**) and the same two parasitoids (**d**, **f**). Note the square-root scale of the X-axisFig. 3Mean adult longevity of the generalist herbivore *Spodoptera exigua* (**a**) and its parasitoids *Cotesia marginiventris* (**b**) and *Hyposoter didymator* (**c**) as a function of genotype mean leaf iridoid glycoside (IG) concentration in the food plant *Plantago lanceolata*. Note the square-root scale of the X-axis

**Specialist** Roughly half (51.6%) of the caterpillars of the specialist *M. cinxia* from the 26 genotypes in the field and that had been randomly selected for further study survived diapause over winter. This is on par with the natural rate of overwintering survival (van Nouhuys et al., [@CR91]). Their probability of survival was significantly lower when they originated from plant genotypes with high levels of catalpol before diapause (Fig. [4A](#Fig4){ref-type="fig"}, logistic regression, *Wald χ*^*2*^*\[1\]* = 8.23, *P* = 0.004). An increase in leaf catalpol concentration from 0.5% to 3.0%, the range encompassed by the genotypes, was associated with a decrease in survival from 59% to 37%. Survival of diapausing larvae was lower when they had been raised on Finnish (Fig. [4a](#Fig4){ref-type="fig"}, open symbols) than on Dutch genotypes (Fig. [4a](#Fig4){ref-type="fig"}, closed symbols) before diapause (*Wald χ*^*2*^*\[1\]* = 4.50, *P* = 0.03). This difference could be explained by the higher catalpol concentrations in Finnish genotypes: effect of genotype origin (Finnish vs. Dutch) was no longer significant in a multiple logistic regression in which both genotype origin and genotype mean catalpol concentration were entered, whereas the latter effect was still significant. None of the post-diapause developmental parameters of *M. cinxia* were significantly associated with post-diapause levels of IGs in the herbivore's diet (Table [1](#Tab1){ref-type="table"}), except for a faster development of post-diapause larvae on genotypes with a higher catalpol-to-total IG ratio (*r* = −0.504*, P* = 0.02). Consequently, post-diapause larval development of *M. cinxia* was faster on Finnish genotypes, that on average had a high catalpol-to-total IG ratio, than on Dutch genotypes (46.0 ± 1.8 vs. 38.9 ± 1.9 days, *F\[1,20\]* = 5.50, *P* = 0.03). Fig. 4(**a**) Mean survival of diapausing larvae of the specialist herbivore *Melitaea cinxia* and (**b**) Mean parasitism rate of *M. cinxia* by *Cotesia melitaearum* as a function of genotype mean leaf catalpol concentration in the food plant *Plantago lanceolata*. *Closed circles*: Dutch plant genotypes; *open circles*: Finnish plant genotypes. *Lines* are fitted values from logistic regressions based on data from all genotypesAdditional analyses confirmed that the differences in post-diapause larval development time on Finnish vs. Dutch genotypes could be partly explained by differences in their IG profiles: when catalpol-to-total IG ratio was entered as a covariate in analyses of genotype origin (Finnish vs. Dutch) on larval development time, the significant effect of catalpol-to-total IG concentration remained (*F\[1,19\]* = 6.16, *P* = 0.02), whereas genotype origin (Finnish vs. Dutch) could explain only little additional variation (*F\[1,19\]* = 3.36, *P* = 0.08). This was not the case for post-diapause survival of *M. cinxia* larvae on Finnish vs. Dutch genotypes. Post-diapause survival until pupation was three times higher on Finnish than on Dutch genotypes (15.6 vs. 5.0%, logistic regression, *Wald χ*^*2*^*\[1\]* = 9.10, *P* = 0.003), and was independent of their IG profiles (*P* \> 0.6). Moreover, the probability of pupal survival to adulthood was four times higher on Finnish than on Dutch genotypes (56.0 vs. 12.9%, logistic regression, *Wald χ*^*2*^*\[1\]* = 17.39, *P* \< 0.001), also independent of their IG profiles (*P* \> 0.3). The greater survival to adulthood by Finnish pupae was not mediated by pupal mass, which did not differ between individuals raised on Finnish vs. Dutch genotypes (148 vs. 140 mg, *F\[1,20\]* = 0.76, *P* = 0.39).

Effects of Iridoid Glycosides on the Generalist and Specialist Parasitoids {#Sec12}
--------------------------------------------------------------------------

**Generalists** Overall, associations between plant IGs and development time of the generalist parasitoids were not concordant with those observed for their hosts. Larvae of the parasitoid *C. marginiventris* developed faster on *C. chalcites* (Fig. [2c](#Fig2){ref-type="fig"}), and their pupae developed faster on *S. exigua* (Fig. [2d](#Fig2){ref-type="fig"}) when these herbivores had been feeding on genotypes with high IG concentrations (Table [1](#Tab1){ref-type="table"}). An increase in IG concentration from 1% to 6% of leaf dry weight was accompanied by advancement in larval and pupal development by 19% on these hosts, (1.9 and 1.1 days, respectively). Effects on longevity were more concordant between hosts and parasitoids. In accordance with its host *S. exigua*, adult longevity of *C. marginiventris* decreased with higher IG concentrations in the diet of this host (Fig. [3b](#Fig3){ref-type="fig"}; *r* = −0.580, *P* = 0.04). An increase in IG concentration from 1% to 6% of leaf dry weight reduced longevity by 51% (7.2 days). Adult longevity of the other generalist parasitoid, *H. didymator,* also on average decreased with increasing IG concentration in the diet of its host *S. exigua* (Fig. [3C](#Fig3){ref-type="fig"}), but too few parasitoids on this host survived until adulthood to allow meaningful tests of significance. None of the other developmental parameters of *H. didymator* were significantly affected by IG concentration (Table [1](#Tab1){ref-type="table"}, Fig. [2e,f](#Fig2){ref-type="fig"}).Some of the developmental parameters were not associated with the total concentration of IGs in the plant genotypes on which hosts were raised but only with the specific compounds aucubin or catalpol. Survival of *C. marginiventris* pupae to adulthood decreased with the concentration of catalpol in the plant genotypes fed to its host on *S. exigua* (logistic regression, *Wald χ*^*2*^*\[1\]* = 5.60, *P* = 0.02). An increase in catalpol from 0.3% to 1.8% of leaf dry weight, the range encompassed by the genotypes, more than doubled the mortality of *C. marginiventris* pupae, from 14.5% to 31.8%. No such effects were observed for aucubin (*Wald χ*^*2*^*\[1\]* = 0.41, *P* = 0.52). Pupal mass of *H. didymator* decreased with increasing ratio of catalpol-to-total IG in the plant genotypes fed to its host *C. chalcites* (*r* = −0.827, *P* = 0.002) on *C. chalcites*. The reduction in pupal mass of this parasitoid observed on the other host, *S. exigua*, was not statistically significant (*r* = −0.766, *P* = 0.076).

**Specialist** On 15 of the 26 plant genotypes that were placed into natural host populations in the field, at least one *M. cinxia* caterpillar was parasitized by *C. melitaearum*. In total, 3.2% of the caterpillars were parasitized, with a mean secondary brood size of 2.1 parasitoids per parasitized caterpillar. This is a normal rate of parasitism of pre-diapause *M. cinxia* larvae by *C. melitaearum* in Åland (Lei et al., [@CR59]). The parasitism rate was not significantly affected by the level of IGs in the plant genotypes that hosts had been feeding on before diapause. The parasitism rate on average decreased with the concentration of catalpol in the genotypes on which *M. cinxia* had been raised (Fig. [4b](#Fig4){ref-type="fig"}), but this pattern was not statistically significant (logistic regression, *Wald χ*^*2*^*\[1\]* = 1.70, *P* = 0.19). Accordingly, the parasitism rate was on average lower on Finnish (1.05%) genotypes (that had relatively high catalpol concentrations) than on Dutch genotypes (3.93%), but this difference was also not statistically significant (logistic regression, *Wald χ*^*2*^*\[1\]* = 2.81, *P* = 0.09). None of the post-diapause developmental parameters of *C. melitaearum* were significantly associated with post-diapause levels of IGs in the herbivore's diet.

Discussion {#Sec13}
==========

Our study supports findings from earlier studies showing that the development of generalist and specialist insect herbivores and their parasitoids is often strongly associated with intra- or inter-specific variation in concentrations of secondary plant compounds (e.g., Barbosa, [@CR5]; Barbosa et al., [@CR7]; Adler et al., [@CR1]; Harvey et al., [@CR42], [@CR43]; reviewed by Ode, [@CR69]). Our results show that the strength and direction of such associations may not only differ between generalists and specialists but also between trophic levels: responses in development time to plant allelochemical variation differed between herbivores and their associated parasitoids.

**Herbivores** Larval development of the generalist herbivore *C. chalcites* and pupal development of the generalist herbivore *S. exigua* were significantly delayed on plant genotypes with high levels of IGs. This increases their development time, potentially decreasing the intrinsic rate of increase at the population level. It also may increase their window of susceptibility to natural enemies, as in the 'slow-growth high-mortality' hypothesis (Clancy and Price, [@CR22]), which states that herbivores are potentially more vulnerable to larval and pupal parasitoids, pathogens, and predators when they feed on host plants with high levels of allelochemicals that extend their development time. Our results confirm those of earlier studies (Biere et al., [@CR9]) showing that development time of *S. exigua* is prolonged on *P. lanceolata* genotypes selected for high leaf IG concentrations, but the results contrast with studies of Harvey et al. ([@CR42]) in which *S. exigua* only suffered reduced pupal weight on high-IG genotypes. Apparently, the stage and specific parameters at which negative associations between host IG and development are expressed can vary even within a single system. In the current experiment, feeding on high-IG genotypes was not associated with reduced pupal or adult weight of the generalist herbivores, traits, which are generally correlated with fecundity (Leather, [@CR58]; Klingenberg and Spence, [@CR50]; Saastamoinen, [@CR80]). Only longevity of adult *S. exigua*, another trait that may be associated with fecundity, was reduced on high-IG plant genotypes. Interestingly, both *C. chalcites* and *S. exigua* showed large variation in pupal and adult mass on different plant genotypes, which was unrelated to differences in IGs among these genotypes. Apparently, traits other than IGs varied among these genotypes, and played a role in determining pupal and adult mass of the generalist insect herbivores.With respect to associations between IGs and development time, the results for the specialist herbivore *M. cinxia* contrast with those for the two generalist herbivores. Whereas development time of the generalists was delayed on plant genotypes with high total leaf IG concentrations, that of *M. cinxia* was not. Development time of this specialist only responded to variation in the profile, not the total concentration, of leaf IGs; larvae developed more quickly on genotypes with high catalpol-to-total IG ratios. Contrasts between specialist and generalist herbivores in their development time responses to the total leaf IG concentration in their hosts have been observed previously. Harvey et al. ([@CR42]) found that *M. cinxia* caterpillars developed faster on high-IG than on low-IG genotypes (see also Saastamoinen et al., [@CR81]), whereas development time of the generalist *S. exigua* was unaffected by IG variation among genotypes. It is unclear why in our study the development time of this generalist was longer on high-IG genotypes than in the study of Harvey et al. ([@CR42]). One reason might be that we used a wider range of IG variation among genotype means (0.8--6.4% dw) than was encompassed by the two lines used by Harvey et al. ([@CR42]) (0.6 vs. 3.0% dw). However, what these studies have in common is the observation that on high-IG plants the development of the specialist is either less delayed (our study), or even more advanced (Harvey et al., [@CR42]) compared to that of generalist herbivores. Similar observations have been made for other allelochemicals. For instance, pyrrolizidine alkaloids (PAs) commonly impact generalist herbivores, even though the strength of their effect may differ strongly among generalist species (Macel et al., [@CR62]), but not specialists (Macel et al., [@CR61]). These results support the general notion that specialized mono- or oligophagous herbivores are often better able to cope with allelochemicals in the host on which they are specialized than polyphagous herbivores, at least in terms of their development rate.Our results correspond well with results from artificial diet studies with IGs (e.g., Bowers and Puttick, [@CR16]; Puttick and Bowers, [@CR73]; Mallampalli et al., [@CR63]). These studies have shown that addition of aucubin and catalpol to artificial diet strongly reduces larval growth rates, at least during the early stages of growth, of the generalist caterpillars *Lymantria dispar* and *Spodoptera eridania*, but can increase larval growth rate of the specialist *Junonia coenia* (Bowers and Puttick, [@CR16]), even though this specialist generally experiences slightly lower feeding efficiency on high- compared to low-IG artificial diets (Camara, [@CR19]; Smilanich et al., [@CR85]).Artificial diet studies provide more direct evidence for causal links between IGs and insect development than our correlative studies based on plant genotypes that differ in IGs, because traits that covary with IGs in the plant might affect insect performance as well. We tried to minimize such associations by using a core set of genotypes derived from artificial selection lines that had been subjected to four generations of selection for low and high leaf IG concentrations (Marak et al., [@CR64]). During selection, pre-existing associations are generally broken up, unless they are caused by pleiotropy or very close linkage. Indeed, analysis of a subset of plants from the 13 genotypes that were used in all experiments of the current study revealed that among-genotype correlations between concentrations of leaf IGs and concentrations of leaf nutrients, which are also important determinants of development of insect herbivores, were non-significant (Pearson correlation coefficients between IGs and N: *r* = +0.31, *P* = 0.31; P: *r* = +0.26, *P* = 0.39; K: *r* = +0.34, *P* = 0.26, J. H. Reudler, unpublished results). This suggests that our results probably have not been confounded with effects of co-varying levels of primary metabolites.The large differences in post-diapause development of the specialist herbivore *M. cinxia* on the Finnish and Dutch *P. lanceolata* genotypes however, does illustrate the importance of other plant traits, in addition to IGs, in governing the interactions between *P. lanceolata* and its insect herbivores. Developmental success of *M. cinxia* was much higher on their local, Finnish, genotypes than on the Dutch genotypes: they developed faster and showed higher larval and pupal survival on the local genotypes. Finnish genotypes had consistently higher levels of catalpol than Dutch genotypes, a difference that was reflected in higher ratios of catalpol to the total amount of IGs. To our surprise, only the faster development of post-diapause *M. cinxia* larvae on Finnish than on Dutch genotypes could be (partly) explained by the differences in their IG profiles. Differences in IG profiles between Finnish and Dutch genotypes could not explain the large differences in post-diapause larval and pupal survival of *M. cinxia* on these genotypes. This suggests that *M. cinxia* has adapted to feeding on its local hosts at least partly in response to attributes other than their IG chemistry. Adaptation of insect herbivores to their local host plants is common, though not ubiquitous (Kaltz and Shykoff, [@CR47]; Ballabeni et al., [@CR3]; Greischar and Koskella, [@CR38]), and the traits that underlie local adaptation may involve many aspects other than those involved in allelochemical-based interactions (e.g., Zovi et al., [@CR95]).

**Parasitoids** The performance of the two generalist parasitoids on the generalist herbivores was associated strongly with the leaf IG concentrations in the plant genotypes on which these hosts were raised. In contrast to earlier studies (Mallampalli et al., [@CR63]; Harvey et al., [@CR42]), the magnitude and even direction of the correlations between IGs and performance of the parasitoids did not follow that of the hosts. Notably, whereas both of the generalist herbivores developed slowly on plant genotypes with high IG concentrations, the parasitoid *C. marginiventris* actually developed faster on both host species when they were reared on high-IG genotypes. The faster development of *C. marginiventris* on hosts that suffered from feeding on high-IG plants is surprising, since negative effects of the ingestion of toxic allelochemicals on the performance and quality of herbivores often have been observed to vertically transfer to higher trophic levels (Campbell and Duffey, [@CR21]; Barbosa et al., [@CR6], [@CR7]; Harvey et al., [@CR43]; Lampert et al., [@CR55]), especially in interactions where hosts sequester toxic allelochemicals (part of the "nasty host" hypothesis; Gauld et al., [@CR35], Lampert et al., [@CR56]). One possible explanation for the faster growth of *C. marginiventris* on these hosts is that higher levels of allelochemicals in the host diet weaken the host immune system, as observed for *J. coenia* feeding on high-IG artificial diets (Smilanich et al., [@CR85]), thus allowing the developing parasitoids to reallocate metabolic energy from immunosuppression to development (Kraaijeveld and Godfray, [@CR51]; Ojala et al., [@CR70]), the "immunocompromized host" effect. This hypothesis remains to be confirmed for the species studied here. Associations between adult longevity and host IGs were more concordant between herbivores and parasitoids. Longevity of adult *S. exigua* was significantly reduced on high-IG genotypes and so was that of *C. marginiventris,* when raised on this host. Similarly, longevity of both adult *C. chalcites* and its parasitoids was not affected by leaf IG concentration in the host's diet.The effect of IGs in the diet of the generalist herbivores on the performance of their parasitoids strongly differed between the two parasitoid species. A high concentration of IGs in the diet of both host species resulted in faster development of *C. marginiventris,* despite slower development of its hosts, but did not affect the development of *H. didymator.* This illustrates that even when we consider interactions with a specific group of parasitoids, such as generalist endo-koinobionts, effects of IGs in the diet of an herbivore on interactions with its parasitoids cannot be generalized. Part of the difference between parasitoid species may be due to their different feeding modes. *Cotesia marginiventris* is a haemolymph feeder whereas *H. didymator* feeds on tissue. Haemolymph feeders may be less constrained by host growth rate than tissue feeders that have to consume their host before being able to emerge (Harvey et al., [@CR41]; Harvey and Strand, [@CR40]). Previous studies similarly found that the related tissue feeder *Hyposoter horticola* more closely followed developmental responses of the host *M. cinxia* to IG variation than the haemolymph feeder *C. melitaearum* (Harvey et al., [@CR42]).In contrast to the generalist parasitoids, development of the specialist parasitoid *C. melitaearum* did not vary with the IG levels in the plant genotypes on which its host *M. cinxia* was reared, in agreement with the results of Harvey et al. ([@CR42]). Nieminen et al. ([@CR67]) found that in natural populations, the rate of parasitism of *M. cinxia* by *C. melitaearum* decreased with the concentration of catalpol in the *P. lanceolata.* Although we found the same trend in our experiment, the decrease was not statistically significant, perhaps due to small sample size. Effects of host plant IGs on parasitism rates could result from two different processes. First, adult parasitoids may avoid ovipositing into host larvae feeding on high-IG plants. Second, development of immature parasitoids may be less successful on hosts feeding on high IG plants. For instance, whereas field parasitism of the Catalpa sphinx moth (*Ceratomia catalpa*), a species that sequesters IGs (Bowers, [@CR14]), by the parasitoid *Cotesia congregata* appears to be independent of caterpillar IG concentrations, survival of this parasitoid is slightly lower on high-IG caterpillars (Lampert et al., [@CR56]). *Melitaea cinxia* also is known to sequester IGs (Suomi et al. [@CR86], [@CR87]) and development of *C. melitaearum* larvae on high-IG caterpillars may be less successful if the negative effects due to the vertical transfer of these toxic allelochemicals (the "nasty host" effects) more than outweigh any positive effects due to decreased immunocompetence of the host (the "immunocompromized host" effect). Interestingly, in contrast to *J. coenia*, that is immunocompromized when feeding on high-IG diets (Smilanich et al., [@CR85]), Laurentz ([@CR57]) found no evidence for a decreased immune function in *M. cinxia*. In fact, *M. cinxia* showed higher levels of encapsulation of artificial implants when reared on plants with high levels of catalpol.In summary, we found that development time of the specialist herbivore was less negatively impacted by high-IG genotypes than that of both of the generalists, supporting the idea that specialist herbivores are better adapted to allelochemicals in their hosts than are generalist herbivores. We also found that generalist parasitoids developed faster on hosts feeding on high-IG genotypes whereas the specialist parasitoid was not strongly impacted by the IG concentration in the diet of its host, which could reflect differences in the effects of IGs on immunocompetence on the different hosts that they parasitized. Our study, therefore, shows that associations between IG concentrations in *P. lanceolata* and development of its associated insect herbivores and parasitoids are species-specific.
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